Exclusion of an Exotic Top Quark with -4/3 Electric Charge Using Soft Lepton Tagging by Aaltonen, Timo et al.
ar
X
iv
:1
00
6.
45
97
v1
  [
he
p-
ex
]  
23
 Ju
n 2
01
0
Exclusion of an Exotic Top Quark with −4/3 Electric Charge Using Soft Lepton
Tagging
T. Aaltonen,24 J. Adelman,14 B. A´lvarez Gonza´lezw,12 S. Amerioee,44 D. Amidei,35 A. Anastassov,39 A. Annovi,20
J. Antos,15 G. Apollinari,18 J. Appel,18 A. Apresyan,49 T. Arisawa,58 A. Artikov,16 J. Asaadi,54 W. Ashmanskas,18
A. Attal,4 A. Aurisano,54 F. Azfar,43 W. Badgett,18 A. Barbaro-Galtieri,29 V.E. Barnes,49 B.A. Barnett,26
P. Barriagg,47 P. Bartos,15 G. Bauer,33 P.-H. Beauchemin,34 F. Bedeschi,47 D. Beecher,31 S. Behari,26
G. Bellettiniff ,47 J. Bellinger,60 D. Benjamin,17 A. Beretvas,18 A. Bhatti,51 M. Binkley∗,18 D. Biselloee,44
I. Bizjakkk,31 R.E. Blair,2 C. Blocker,7 B. Blumenfeld,26 A. Bocci,17 A. Bodek,50 V. Boisvert,50 D. Bortoletto,49
J. Boudreau,48 A. Boveia,11 B. Braua,11 A. Bridgeman,25 L. Brigliadoridd,6 C. Bromberg,36 E. Brubaker,14
J. Budagov,16 H.S. Budd,50 S. Budd,25 K. Burkett,18 G. Busettoee,44 P. Bussey,22 A. Buzatu,34 K. L. Byrum,2
S. Cabreray,17 C. Calancha,32 S. Camarda,4 M. Campanelli,31 M. Campbell,35 F. Canelli14,18 A. Canepa,46
B. Carls,25 D. Carlsmith,60 R. Carosi,47 S. Carrillon,19 S. Carron,18 B. Casal,12 M. Casarsa,18 A. Castrodd,6
P. Catastinigg,47 D. Cauz,55 V. Cavalieregg,47 M. Cavalli-Sforza,4 A. Cerri,29 L. Cerritoq,31 S.H. Chang,28
Y.C. Chen,1 M. Chertok,8 G. Chiarelli,47 G. Chlachidze,18 F. Chlebana,18 K. Cho,28 D. Chokheli,16 J.P. Chou,23
K. Chungo,18 W.H. Chung,60 Y.S. Chung,50 T. Chwalek,27 C.I. Ciobanu,45 M.A. Cioccigg,47 A. Clark,21 D. Clark,7
G. Compostella,44 M.E. Convery,18 J. Conway,8 M.Corbo,45 M. Cordelli,20 C.A. Cox,8 D.J. Cox,8 F. Crescioliff ,47
C. Cuenca Almenar,61 J. Cuevasw,12 R. Culbertson,18 J.C. Cully,35 D. Dagenhart,18 N. d’Ascenzov,45 M. Datta,18
T. Davies,22 P. de Barbaro,50 S. De Cecco,52 A. Deisher,29 G. De Lorenzo,4 M. Dell’Orsoff ,47 C. Deluca,4
L. Demortier,51 J. Dengf ,17 M. Deninno,6 M. d’Erricoee,44 A. Di Cantoff ,47 B. Di Ruzza,47 J.R. Dittmann,5
M. D’Onofrio,4 S. Donatiff ,47 P. Dong,18 T. Dorigo,44 S. Dube,53 K. Ebina,58 A. Elagin,54 R. Erbacher,8
D. Errede,25 S. Errede,25 N. Ershaidatcc,45 R. Eusebi,54 H.C. Fang,29 S. Farrington,43 W.T. Fedorko,14 R.G. Feild,61
M. Feindt,27 J.P. Fernandez,32 C. Ferrazzahh,47 R. Field,19 G. Flanagans,49 R. Forrest,8 M.J. Frank,5 M. Franklin,23
J.C. Freeman,18 I. Furic,19 M. Gallinaro,51 J. Galyardt,13 F. Garberson,11 J.E. Garcia,21 A.F. Garfinkel,49
P. Garosigg,47 H. Gerberich,25 D. Gerdes,35 A. Gessler,27 S. Giaguii,52 V. Giakoumopoulou,3 P. Giannetti,47
K. Gibson,48 J.L. Gimmell,50 C.M. Ginsburg,18 N. Giokaris,3 M. Giordanijj ,55 P. Giromini,20 M. Giunta,47
G. Giurgiu,26 V. Glagolev,16 D. Glenzinski,18 M. Gold,38 N. Goldschmidt,19 A. Golossanov,18 G. Gomez,12
G. Gomez-Ceballos,33 M. Goncharov,33 O. Gonza´lez,32 I. Gorelov,38 A.T. Goshaw,17 K. Goulianos,51 A. Greseleee,44
S. Grinstein,4 C. Grosso-Pilcher,14 R.C. Group,18 U. Grundler,25 J. Guimaraes da Costa,23 Z. Gunay-Unalan,36
C. Haber,29 S.R. Hahn,18 E. Halkiadakis,53 B.-Y. Han,50 J.Y. Han,50 F. Happacher,20 K. Hara,56 D. Hare,53
M. Hare,57 R.F. Harr,59 M. Hartz,48 K. Hatakeyama,5 C. Hays,43 M. Heck,27 J. Heinrich,46 M. Herndon,60
J. Heuser,27 S. Hewamanage,5 D. Hidas,53 C.S. Hillc,11 D. Hirschbuehl,27 A. Hocker,18 S. Hou,1 M. Houlden,30
S.-C. Hsu,29 R.E. Hughes,40 M. Hurwitz,14 U. Husemann,61 M. Hussein,36 J. Huston,36 J. Incandela,11 G. Introzzi,47
M. Ioriii,52 A. Ivanovp,8 E. James,18 D. Jang,13 B. Jayatilaka,17 E.J. Jeon,28 M.K. Jha,6 S. Jindariani,18
W. Johnson,8 M. Jones,49 K.K. Joo,28 S.Y. Jun,13 J.E. Jung,28 T.R. Junk,18 T. Kamon,54 D. Kar,19 P.E. Karchin,59
Y. Katom,42 R. Kephart,18 W. Ketchum,14 J. Keung,46 B. Kietzman,18 V. Khotilovich,54 B. Kilminster,18
D.H. Kim,28 H.S. Kim,28 H.W. Kim,28 J.E. Kim,28 M.J. Kim,20 S.B. Kim,28 S.H. Kim,56 Y.K. Kim,14 N. Kimura,58
L. Kirsch,7 S. Klimenko,19 K. Kondo,58 D.J. Kong,28 J. Konigsberg,19 A. Korytov,19 A.V. Kotwal,17 M. Kreps,27
J. Kroll,46 D. Krop,14 N. Krumnack,5 M. Kruse,17 V. Krutelyov,11 T. Kuhr,27 N.P. Kulkarni,59 M. Kurata,56
S. Kwang,14 A.T. Laasanen,49 S. Lami,47 S. Lammel,18 M. Lancaster,31 R.L. Lander,8 K. Lannonu,40 A. Lath,53
G. Latinogg,47 I. Lazzizzeraee,44 T. LeCompte,2 E. Lee,54 H.S. Lee,14 J.S. Lee,28 S.W. Leex,54 S. Leone,47
J.D. Lewis,18 C.-J. Lin,29 J. Linacre,43 M. Lindgren,18 E. Lipeles,46 A. Lister,21 D.O. Litvintsev,18 C. Liu,48
T. Liu,18 N.S. Lockyer,46 A. Loginov,61 L. Lovas,15 D. Lucchesiee,44 J. Lueck,27 P. Lujan,29 P. Lukens,18
G. Lungu,51 J. Lys,29 R. Lysak,15 D. MacQueen,34 R. Madrak,18 K. Maeshima,18 K. Makhoul,33 P. Maksimovic,26
S. Malde,43 S. Malik,31 G. Mancae,30 A. Manousakis-Katsikakis,3 F. Margaroli,49 C. Marino,27 C.P. Marino,25
A. Martin,61 V. Martink,22 M. Mart´ınez,4 R. Mart´ınez-Ballar´ın,32 P. Mastrandrea,52 M. Mathis,26 M.E. Mattson,59
P. Mazzanti,6 K.S. McFarland,50 P. McIntyre,54 R. McNultyj ,30 A. Mehta,30 P. Mehtala,24 A. Menzione,47
C. Mesropian,51 T. Miao,18 D. Mietlicki,35 N. Miladinovic,7 R. Miller,36 C. Mills,23 M. Milnik,27 A. Mitra,1
G. Mitselmakher,19 H. Miyake,56 S. Moed,23 N. Moggi,6 M.N. Mondragonn,18 C.S. Moon,28 R. Moore,18
M.J. Morello,47 J. Morlock,27 P. Movilla Fernandez,18 J. Mu¨lmensta¨dt,29 A. Mukherjee,18 Th. Muller,27
P. Murat,18 M. Mussinidd,6 J. Nachtmano,18 Y. Nagai,56 J. Naganoma,56 K. Nakamura,56 I. Nakano,41 A. Napier,57
2J. Nett,60 C. Neuaa,46 M.S. Neubauer,25 S. Neubauer,27 J. Nielseng,29 L. Nodulman,2 M. Norman,10
O. Norniella,25 E. Nurse,31 L. Oakes,43 S.H. Oh,17 Y.D. Oh,28 I. Oksuzian,19 T. Okusawa,42 R. Orava,24
K. Osterberg,24 S. Pagan Grisoee,44 C. Pagliarone,55 E. Palencia,18 V. Papadimitriou,18 A. Papaikonomou,27
A.A. Paramanov,2 B. Parks,40 S. Pashapour,34 J. Patrick,18 G. Paulettajj,55 M. Paulini,13 C. Paus,33 T. Peiffer,27
D.E. Pellett,8 A. Penzo,55 T.J. Phillips,17 G. Piacentino,47 E. Pianori,46 L. Pinera,19 K. Pitts,25 C. Plager,9
L. Pondrom,60 K. Potamianos,49 O. Poukhov∗,16 F. Prokoshinz,16 A. Pronko,18 F. Ptohosi,18 E. Pueschel,13
G. Punziff ,47 J. Pursley,60 J. Rademackerc,43 A. Rahaman,48 V. Ramakrishnan,60 N. Ranjan,49 I. Redondo,32
P. Renton,43 M. Renz,27 M. Rescigno,52 S. Richter,27 F. Rimondidd,6 L. Ristori,47 A. Robson,22 T. Rodrigo,12
T. Rodriguez,46 E. Rogers,25 S. Rolli,57 R. Roser,18 M. Rossi,55 R. Rossin,11 P. Roy,34 A. Ruiz,12
J. Russ,13 V. Rusu,18 B. Rutherford,18 H. Saarikko,24 A. Safonov,54 W.K. Sakumoto,50 L. Santijj ,55
L. Sartori,47 K. Sato,56 V. Savelievv,45 A. Savoy-Navarro,45 P. Schlabach,18 A. Schmidt,27 E.E. Schmidt,18
M.A. Schmidt,14 M.P. Schmidt∗,61 M. Schmitt,39 T. Schwarz,8 L. Scodellaro,12 A. Scribanogg,47 F. Scuri,47
A. Sedov,49 S. Seidel,38 Y. Seiya,42 A. Semenov,16 L. Sexton-Kennedy,18 F. Sforzaff ,47 A. Sfyrla,25
S.Z. Shalhout,59 T. Shears,30 P.F. Shepard,48 M. Shimojimat,56 S. Shiraishi,14 M. Shochet,14 Y. Shon,60
I. Shreyber,37 A. Simonenko,16 P. Sinervo,34 A. Sisakyan,16 A.J. Slaughter,18 J. Slaunwhite,40 K. Sliwa,57
J.R. Smith,8 F.D. Snider,18 R. Snihur,34 A. Soha,18 S. Somalwar,53 V. Sorin,4 P. Squillaciotigg,47 M. Stanitzki,61
R. St. Denis,22 B. Stelzer,34 O. Stelzer-Chilton,34 D. Stentz,39 J. Strologas,38 G.L. Strycker,35 J.S. Suh,28
A. Sukhanov,19 I. Suslov,16 A. Taffardf ,25 R. Takashima,41 Y. Takeuchi,56 R. Tanaka,41 J. Tang,14 M. Tecchio,35
P.K. Teng,1 J. Thomh,18 J. Thome,13 G.A. Thompson,25 E. Thomson,46 P. Tipton,61 P. Ttito-Guzma´n,32
S. Tkaczyk,18 D. Toback,54 S. Tokar,15 K. Tollefson,36 T. Tomura,56 D. Tonelli,18 S. Torre,20 D. Torretta,18
P. Totarojj,55 M. Trovatohh,47 S.-Y. Tsai,1 Y. Tu,46 N. Turinigg,47 F. Ukegawa,56 S. Uozumi,28 N. van Remortelb,24
A. Varganov,35 E. Vatagahh,47 F. Va´zquezn,19 G. Velev,18 C. Vellidis,3 M. Vidal,32 I. Vila,12 R. Vilar,12
M. Vogel,38 I. Volobouevx,29 G. Volpiff ,47 P. Wagner,46 R.G. Wagner,2 R.L. Wagner,18 W. Wagnerbb,27
J. Wagner-Kuhr,27 T. Wakisaka,42 R. Wallny,9 S.M. Wang,1 A. Warburton,34 D. Waters,31 M. Weinberger,54
J. Weinelt,27 W.C. Wester III,18 B. Whitehouse,57 D. Whitesonf ,46 A.B. Wicklund,2 E. Wicklund,18 S. Wilbur,14
G. Williams,34 H.H. Williams,46 P. Wilson,18 B.L. Winer,40 P. Wittichh,18 S. Wolbers,18 C. Wolfe,14 H. Wolfe,40
T. Wright,35 X. Wu,21 F. Wu¨rthwein,10 A. Yagil,10 K. Yamamoto,42 J. Yamaoka,17 U.K. Yangr,14
Y.C. Yang,28 W.M. Yao,29 G.P. Yeh,18 K. Yio,18 J. Yoh,18 K. Yorita,58 T. Yoshidal,42 G.B. Yu,17
I. Yu,28 S.S. Yu,18 J.C. Yun,18 A. Zanetti,55 Y. Zeng,17 X. Zhang,25 Y. Zhengd,9 and S. Zucchellidd6
(CDF Collaboration†)
1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China
2Argonne National Laboratory, Argonne, Illinois 60439, USA
3University of Athens, 157 71 Athens, Greece
4Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain
5Baylor University, Waco, Texas 76798, USA
6Istituto Nazionale di Fisica Nucleare Bologna, ddUniversity of Bologna, I-40127 Bologna, Italy
7Brandeis University, Waltham, Massachusetts 02254, USA
8University of California, Davis, Davis, California 95616, USA
9University of California, Los Angeles, Los Angeles, California 90024, USA
10University of California, San Diego, La Jolla, California 92093, USA
11University of California, Santa Barbara, Santa Barbara, California 93106, USA
12Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
13Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
14Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
15Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, 040 01 Kosice, Slovakia
16Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
17Duke University, Durham, North Carolina 27708, USA
18Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
19University of Florida, Gainesville, Florida 32611, USA
20Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy
21University of Geneva, CH-1211 Geneva 4, Switzerland
22Glasgow University, Glasgow G12 8QQ, United Kingdom
23Harvard University, Cambridge, Massachusetts 02138, USA
24Division of High Energy Physics, Department of Physics,
University of Helsinki and Helsinki Institute of Physics, FIN-00014, Helsinki, Finland
25University of Illinois, Urbana, Illinois 61801, USA
326The Johns Hopkins University, Baltimore, Maryland 21218, USA
27Institut fu¨r Experimentelle Kernphysik, Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany
28Center for High Energy Physics: Kyungpook National University,
Daegu 702-701, Korea; Seoul National University, Seoul 151-742,
Korea; Sungkyunkwan University, Suwon 440-746,
Korea; Korea Institute of Science and Technology Information,
Daejeon 305-806, Korea; Chonnam National University, Gwangju 500-757,
Korea; Chonbuk National University, Jeonju 561-756, Korea
29Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
30University of Liverpool, Liverpool L69 7ZE, United Kingdom
31University College London, London WC1E 6BT, United Kingdom
32Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain
33Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
34Institute of Particle Physics: McGill University, Montre´al, Que´bec,
Canada H3A 2T8; Simon Fraser University, Burnaby, British Columbia,
Canada V5A 1S6; University of Toronto, Toronto, Ontario,
Canada M5S 1A7; and TRIUMF, Vancouver, British Columbia, Canada V6T 2A3
35University of Michigan, Ann Arbor, Michigan 48109, USA
36Michigan State University, East Lansing, Michigan 48824, USA
37Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia
38University of New Mexico, Albuquerque, New Mexico 87131, USA
39Northwestern University, Evanston, Illinois 60208, USA
40The Ohio State University, Columbus, Ohio 43210, USA
41Okayama University, Okayama 700-8530, Japan
42Osaka City University, Osaka 588, Japan
43University of Oxford, Oxford OX1 3RH, United Kingdom
44Istituto Nazionale di Fisica Nucleare, Sezione di Padova-Trento, eeUniversity of Padova, I-35131 Padova, Italy
45LPNHE, Universite Pierre et Marie Curie/IN2P3-CNRS, UMR7585, Paris, F-75252 France
46University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA
47Istituto Nazionale di Fisica Nucleare Pisa, ffUniversity of Pisa,
ggUniversity of Siena and hhScuola Normale Superiore, I-56127 Pisa, Italy
48University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
49Purdue University, West Lafayette, Indiana 47907, USA
50University of Rochester, Rochester, New York 14627, USA
51The Rockefeller University, New York, New York 10021, USA
52Istituto Nazionale di Fisica Nucleare, Sezione di Roma 1,
iiSapienza Universita` di Roma, I-00185 Roma, Italy
53Rutgers University, Piscataway, New Jersey 08855, USA
54Texas A&M University, College Station, Texas 77843, USA
55Istituto Nazionale di Fisica Nucleare Trieste/Udine,
I-34100 Trieste, jjUniversity of Trieste/Udine, I-33100 Udine, Italy
56University of Tsukuba, Tsukuba, Ibaraki 305, Japan
57Tufts University, Medford, Massachusetts 02155, USA
58Waseda University, Tokyo 169, Japan
59Wayne State University, Detroit, Michigan 48201, USA
60University of Wisconsin, Madison, Wisconsin 53706, USA
61Yale University, New Haven, Connecticut 06520, USA
We present a measurement of the electric charge of the top quark using pp¯ collisions corresponding
to an integrated luminosity of 2.7 fb−1 at the CDF II detector. We reconstruct tt¯ events in the
lepton+jets final state and use kinematic information to determine which b-jet is associated with
the leptonically- or hadronically-decaying t-quark. Soft lepton taggers are used to determine the
b-jet flavor. Along with the charge of the W boson decay lepton, this information permits the
reconstruction of the top quark’s electric charge. Out of 45 reconstructed events with 2.4 ± 0.8
expected background events, 29 are reconstructed as tt¯ with the standard model +2/3 charge,
whereas 16 are reconstructed as tt¯ with an exotic −4/3 charge. This is consistent with the standard
model and excludes the exotic scenario at 95% confidence level. This is the strongest exclusion of
the exotic charge scenario and the first to use soft leptons for this purpose.
PACS numbers: 12.90.+b, 14.65.Ha
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4Since the discovery of the top quark in 1995 [1], the
CDF and D0 collaborations have scrutinized its proper-
ties. Measurements of the properties of the top quark all
present a consistent picture of the top quark as the third-
generation standard model (SM) weak-isospin partner of
the bottom quark [2]. However a +2/3-electric-charged
top quark has yet to be experimentally confirmed, and
an exotic −4/3-charged scenario has been proposed [3].
In this theoretical scenario, the observed excess of events
historically attributed to the top quark are instead at-
tributed to an exotic particle, called “XM top quark,”
which is identical to the SM top quark except that it de-
cays to W−b rather than to the SM W+b. In order to
preserve anomaly cancellation, the weak-isospin partner
of the bottom (i.e. the “true” top quark) is assumed to
exist but is too massive to be observed experimentally.
In this Letter, we present a measurement of the electric
charge of the top quark. We analyze data corresponding
to an integrated luminosity,
∫
Ldt = 2.7 fb−1, collected
from February 2002 to April 2008.
We measure the top-quark charge by reconstructing
tt¯ pairs in the `ν¯b¯ qq¯′b final state. The b-quarks asso-
ciated with the leptonically (hadronically) decaying W
are called the “leptonic” (“hadronic”) b-quarks. Recon-
structing the top-quark charge involves identifying either
the leptonic or hadronic b-quark and determining its fla-
vor, either as b or b¯. We use a soft electron tagger (SLTe)
[4] and a soft muon tagger (SLTµ) [5] (collectively re-
ferred to as the SLT taggers) to identify the b-jets. The
charges of the soft leptons are used to infer the flavor of
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the b-jets. A secondary vertex tagger (SecVtx) [6] is
also used to identify the b-jets and suppress SM back-
grounds. A kinematic fitter [7] determines which b-jet is
leptonic and which is hadronic. An event is considered
SM if the lepton from theW and the SLT lepton from the
leptonic (hadronic) b-jet have the opposite (same) charge
sign. The event is considered to be XM otherwise. For
the purposes of this measurement, we assume that the
XM top quark has identical properties to the SM top
quark, except for its electric charge.
This binary event reconstruction implies that if both
the kinematic fitter and the SLT tagger are incorrect,
then the correct top-quark charge is still reconstructed.
From a Monte Carlo (MC) simulation of tt¯ events, the
fraction of b-jets for which the SLT taggers give the cor-
rect flavor assignment is approximately 69%. The frac-
tion of events for which the kinematic fitter properly de-
termines whether a b-jet is the leptonic or hadronic b
is approximately 76%. This method reconstructs a SM
(XM) charge in approximately 60% (40%) of simulated
SM tt¯ events.
This technique complements the measurement of the
top-quark charge in Ref. [8] which uses the curvature and
momentum of tracks within a b-jet cone to determine its
charge. The SLT method is much less efficient than this
technique since the semileptonic branching fraction for
b-jets is only ∼10% per lepton flavor; however, the b-jet
flavor determination is much more reliable because of the
higher b-jet flavor reconstruction purity. The overall re-
duction in sensitivity with the SLT technique is therefore
only a factor of 2− 3 lower.
The CDF II detector [9] is an azimuthally and forward-
backward symmetric general-purpose detector [10] with
silicon tracking [11] and drift chamber tracking [12] im-
mersed in a 1.4 T solenoidal magnetic field. Projective
electromagnetic- and hadronic-sampling calorimeters [13]
lie beyond the solenoid and provide jet and missing ET
(6ET ) reconstruction. Muon chambers [14] lie beyond
the calorimeter and provide coverage up to |η| ≤ 1.0.
Gaseous Cherenkov counters [15] measure the average
number of inelastic pp¯ collisions to determine the lumi-
nosity with a 6% relative uncertainty.
Events are identified with central (|η| . 1), high-pT
(-ET ) muon (electron) triggers. We select events with
a pT > 20 GeV/c (ET > 20 GeV) muon (electron),
which we call the “primary” lepton. At least four jets
[16] with corrected ET > 20 GeV [17] and |η| ≤ 2.0 must
be present in the event. To increase our acceptance for
tt¯ events, we allow one of the four jets to pass a looser
selection (ET > 12 GeV and |η| ≤ 2.4), but we do not
consider the looser fourth jet for tagging, either by the
SLT or SecVtx algorithms. We explicitly reject cosmic
muons, electrons from photon conversions, leptons from
Z boson decay, and events with more than one energetic
and isolated lepton. We also require HT > 250 GeV
and 6ET > 30 GeV, where HT is the scalar sum of the
5transverse energy of the primary lepton, 6ET , and jets.
We require each event to have ≥ 1 SLT (either e or
µ) tag, and ≥ 1 SecVtx tag. We do not require that
different jets in the same event are tagged by the dif-
ferent taggers. To suppress cascade decays of b-jets (i.e.
b→ c→ `νX) that result in flavor mis-identification, we
require the SLT track pT > 6 GeV/c, since leptons from
cascade decays tend to be softer than those from direct
semileptonic decays. We further require prelT > 1.5 GeV/c
where prelT is the SLTµ track pT relative to the jet axis.
We use a kinematic fitter described in detail in Ref. [7]
which minimizes a reduced χ2-like function to fit to the
tt¯ event hypothesis. The experimental resolution of the
final state particles is accounted for, and the particles are
kinematically constrained to the W mass and top-quark
mass (assumed to be 175 GeV/c2), within the theoretical
decay widths. Jets are assigned uniquely to each of the
four final-state quarks, and those jets tagged by either
the SLT or SecVtx algorithms are constrained to be
either of the two b-jets. All possible permutations are
considered and the one which results in the lowest χ2
value is chosen. If two different jets are both tagged,
then we require that the lowest χ2 < 27; however if only
one jet in the event is tagged, by both SecVtx and the
SLT, then we require χ2 < 9. The tighter requirement on
the χ2 enforces a higher top-quark charge reconstruction
purity since there is a greater ambiguity when only one
jet is identified as a b-jet by the taggers.
The requirement on the χ2, SLT track pT , and SLTµ
prelT variables is determined by optimizing on total ex-
pected D2, where  is the event-reconstruction efficiency,
D = 2P − 1 is the dilution, where P is the purity,
which is defined as the fraction of reconstructed events
that are determined to have an SM charge. Table I
presents the expected D2 using the pythia MC genera-
tor [18] to model tt¯ and assuming σtt¯ = 6.7± 0.8 pb [19],
Mt = 175 GeV/c
2, and
∫
Ldt = 2.7 fb−1. We choose the
pretag expectation as the denominator of the efficiency,
although for the optimization that choice is arbitrary.
The figure of merit, D2, is shown for the combined re-
sult, as well as separately for events with one or two
tagged jets and with the SLTe or SLTµ only. We expect
30.0 ± 5.9 events from tt¯ in the tag sample, where the
uncertainty is dominated by the theoretical cross section
uncertainty and the jet energy scale uncertainty.
Due to the requirement of at least two b-tags, the con-
tribution from non-tt¯ backgrounds to the data is very
small. Backgrounds from W+jets, WW , WZ, ZZ, sin-
gle top, Z+jets, Drell-Yan+jets, and multijet production
are all considered. The dominant background is due to
W+bb¯ production, and the total expected contribution to
the tag sample from all backgrounds is 2.4 ± 0.8 events,
where the uncertainty is dominated by the uncertainty
on the jet energy scale and the multijet background esti-
mate. The background estimate uses the same technique
as in Ref. [4].
 (%) P (%) D2 (%) 〈NSM 〉 〈NXM 〉
Total 3.26 60.8 0.152 18.3 11.8
1 tagged jet 0.92 58.2 0.025 4.9 3.5
≥ 2 tagged jets 2.34 61.8 0.130 13.4 8.3
SLTe only 1.62 61.9 0.092 9.2 5.7
SLTµ only 1.69 59.4 0.060 9.3 6.3
TABLE I: Expected efficiency (), purity (P ), D2, and
number of events reconstructed as SM and XM,
assuming σtt¯ = 6.7 pb for
∫
Ldt = 2.7 fb−1 in pythia
simulation.
The measurement of the b-jet flavor determination pu-
rity is estimated with simulation but is calibrated by
comparing a sample of pure bb¯ events in both data
and MC. The sample is constructed from events with
a pT > 8 GeV/c (ET > 8 GeV) muon (electron) close
to a jet. A recoiling jet must also be found in the event
in which an SLT tag is present, and both jets must be
tagged by SecVtx. We measure a dilution scale factor,
SFD =
√
Ddata/DMC where D = (OS−SS)/(OS+SS),
and OS/SS is the tagging efficiency when the trigger lep-
ton and the SLT have the opposite sign (OS) or same
sign (SS) charge. The square root originates from the
assumption that since both b-jets decay semileptonically
they are subject to the same dilution factor. This scale
factor accounts for differences between the data and MC
such as mis-estimated branching ratios or mis-modeling
of neutral B mixing.
We measure SFD to be 0.92±0.11. The uncertainty is
dominated by the statistical uncertainty and covers de-
pendencies on other variables, such as the jet ET . We
use this to correct the simulation estimate for the tt¯
charge reconstruction purity, for which our final estimate
is (60± 3)%. The uncertainty in the purity is dominated
by uncertainties in the simulation of the QCD radiation
both in the initial (ISR) and final-state (FSR), the un-
certainty in SFD, and that arising when an alternate MC
generator, herwig [20], is used. Simulation confirms the
naive expectation that the background is reconstructed
symmetrically between SM and XM events. Although
simulation may mis-model the background reconstruc-
tion, the total background contribution is small, so we
apply a very conservative systematic uncertainty, corre-
sponding to twice the uncertainty on the signal purity
estimate. Therefore, the background has a “purity” of
(50± 6)%.
We observe 45 tagged and reconstructed events in data,
of which 29 are reconstructed as SM and 16 are recon-
structed as XM, a ratio consistent with the SM hypoth-
esis. Three events have two SLT tags, although only one
of these events has both SLT tags close to jets identified
as b-jets by the kinematic fit (in this case, both SLT tags
are consistent with the SM). Table II shows the number
6Subsample N NSM NXM
Primary Electron 25 16 9
Primary Muon 20 13 7
1 Tagged Jet 7 4 3
≥ 2 Tagged Jets 38 25 13
SLTe 25 15 10
SLTµ 21 15 6
All 45 29 16
TABLE II: Tag configurations in various subsamples of
the data, including divisions according to the primary
lepton flavor, the number of tagged b-jets, and the SLT
flavor. Shown are the number of SM and XM tags as
well as the total.
of tags by subsample, including the flavor of the primary
lepton, the number of tagged b-jets, and the SLT flavor.
Note that there is no significantly different SM/XM ad-
mixture in any of the subsamples.
The statistical significance of the measurement is given
by the p-value for the test statistic
A ≡
1
DS
NSM −NXM − 〈B〉DB
NSM +NXM − 〈B〉
(1)
where NSM (NXM ) is the number of SM (XM) events,
DS and DB are the signal and background dilution, re-
spectively, and 〈B〉 is the total background expectation.
This asymmetry, A, has been normalized so that the
median expectation of the SM (XM) hypothesis is +1.0
(−1.0). In the data, we measure a normalized asymme-
try A0 = 1.53 ± 0.75 (stat), which clearly favors a SM
hypothesis.
We use MC pseudo experiments to determine the
p-value. This is done by drawing from Poisson and
binomial distributions to model the expected number
of events and purities, respectively. Uncertainties are
treated as Gaussian distributions. We measure pSM =
p(A ≤ A0|SM) = 0.69 and pXM = p(A ≥ A0|XM) =
0.0094 for the SM and XM hypotheses, respectively, while
we expect pSM = 0.50 and pXM = 0.028, assuming the
SM. Figure 1 shows the distribution of p-values under
the SM and XM hypotheses from pseudo-experiments.
We choose the type-I error rate, α, a priori by using the
standard threshold for exclusion of exotica: α = 0.05.
From this we exclude the exotic −4/3-charged top quark
at 95% confidence level. Table III shows the expected
and measured XM p-value with the significant system-
atic errors added cumulatively.
We can also quantify the result of this measurement
with a Bayes Factor (BF), which can be interpreted as
the posterior odds in favor of the SM when the prior
odds are neutral (equal to unity). This quantity is equal
to the ratio, p(A = A0|SM)/p(A = A0|XM). We evaluate
a BF for this measurement to be 85.8 which is considered
Source Expected p-value Observed p-value
Stat. only 0.020 0.0054
Dilultion Scale Factor 0.021 0.0058
ISR/FSR 0.022 0.0062
Cross Sections 0.023 0.0069
Jet Energy Scale 0.026 0.0080
MC Generator 0.028 0.0094
TABLE III: The p-values obtained for the XM
hypothesis and how they are affected by the cumulative
addition of systematic uncertainties. Other sources of
systematic uncertainties are negligible.
FIG. 1: The SM and XM p-values for the normalized
asymmetry test statistic, A, from pseudo experiments
shown with all uncertainties combined and statistical
uncertainties only.
“strong” evidence [21] for a +2/3-charged top quark.
Figure 2 shows the distribution of the event HT and
the SLT tag pT . Both the sum and difference of the
events classified as SM and XM are shown. The total
tt¯ contribution (SM+XM) from simulation is normalized
to the data and divided between SLT contributions from
direct semileptonic b decay, cascade semileptonic decay,
and other sources. The expected distribution assuming a
−4/3 charge XM top quark is shown as a dashed line in
the SM-XM plots. These figures demonstrate the pref-
erence of the asymmetry for the SM expectation as a
function of the event kinematics.
In conclusion, we have presented the strongest exclu-
sion of an exotic top quark with −4/3 charge to date
(at 95% C.L.), while observing strong evidence for the
SM +2/3 electric charge of the top quark. This mea-
surement improves on both the expected and measured
p-values reported in Ref. [8]. For purposes of compari-
son, we note that what is labeled as “expected C.L.” in
Ref. [8] corresponds to one minus the expectation value
of our pXM under the SM hypothesis. This is the first
time soft leptons tags have been used to accomplish such
a measurement.
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